Many bacterial pathogens use a specialized "type III" secretion system to deliver virulence effector proteins into host mammalian cells. In this issue of Cell, Alto et al. (2006) describe a new family of effectors that share a WxxxE sequence motif. These effectors directly stimulate host signaling pathways by mimicking activated Ras-like cellular GTPases.
A decade ago, the principal virulence weaponry of bacterial pathogens was thought to be secreted exotoxins, which injure host cells by perforating membranes or irreversibly overriding cellular signal transduction pathways. Elucidating the action of these toxins, the autonomous agents of diseases such as diphtheria and anthrax, remains an important focus of research efforts. Nonetheless, many bacteria do not damage mammalian host cells as aggressively and have evolved the ability to colonize, survive, and disseminate within eukaryotic niches. These stealthy pathogens engage in unexpectedly complex crosstalk with the host by deploying a sophisticated arsenal of virulence "effector" proteins, which are often structurally unique and exquisitely adapted to mimic cellular functions (Stebbins and Galan, 2001) . Understanding how these effectors work not only reveals important new insights into infectious processes but also provides new reagents to dissect fundamental problems in cell biology. In this issue of Cell, Dixon and coworkers (Alto et al., 2006 ) describe a family of effectors that target the host cell cytoskeleton by directly mimicking the activity of cellular GTPases.
Ras-like GTPases of the Rho family couple plasma membrane receptors to the assembly of distinct filamentous actin superstructures in eukaryotic cells. Although 20 family members are known, only three are well characterized. Activated RhoA stimulates contractile actin-myosin filament (stress fiber) assembly, whereas the related GTPases, Rac and Cdc42, trigger actin-rich surface protrusions (lamellipodia) or finger-like projections (filopodia), respectively ( Figure 1 ). In common with members of the other small GTPase families (such as Ras, Rab, Arf, and Ran), Rho GTPases act as binary molecular switches that cycle between active GTP-bound and inactive GDP bound states. Activated GTPases bind to distinct downstream targets that initiate diverse responses until nucleotide hydrolysis terminates signaling. Subsequent reactivation is driven by nucleotide exchange (Etienne-Manneville and Hall, 2002) .
Accessory factors tightly regulate these intrinsically simple Rho switches. As spontaneous nucleotide exchange is slow, rapid stimulus-triggered activation of Rho GTPases depends on the binding of guanine nucleotide exchange factors (GEFs), which substantially enhance exchange rates by inducing structural changes in the GTPase nucleotide binding pocket. Conversely, inactivation is promoted by GTPase activating proteins (GAPs), which stimulate GTP hydrolysis. In addition, the C-terminal GTPase CAAX motif is post-translationally prenylated, a modification that is essential for membrane affinity and signaling. Guanine nucleotide exchange inhibitors (GDIs) extract GTPases from the bilayer by sequestering these moieties (Figure 1 ). This regulatory complexity reflects the involvement of Rho GTPases in diverse processes including cell polarity, transcription, cell cycle progression, microtubule dynamics, and vesicle trafficking (Etienne-Manneville and Hall, 2002) .
Because Rho GTPases are such pivotal regulators in the cell, pathogens have developed ingenious strategies to target and exploit them. Consequently, these bacterial pathogens have also provided fundamental insights into host cytoskeletal dynamics. Bacterial exotoxins irreversibly cripple Rho signaling by covalently modifying the GTPase. This impedes downstream target docking, prevents dissociation from RhoGDI, or blocks GAP-induced nucleotide hydrolysis (Boquet and Lemichez, 2003) . However, Rho-targeted effectors that act more subtly are translocated into mammalian cells by virulence-associated "type III" secretion systems, which are specialized delivery devices conserved in many plant and animal pathogens (Galan and Collmer, 1999) . As a protective strategy, Yersinia bacteria deliver a cysteine protease, YopT, that cleaves the GTPase prenyl groups to disable phagocytosis by macrophages (Shao et al., 2002) . Perhaps most remarkably, three Salmonella effector proteins (SopE, SopE2, and SptP) mimic interacting accessory proteins to reversibly modulate Rho-dependent signaling, which promotes bacterial entry into nonphagocytic cells. SopE binds and activates Cdc42 and Rac-1 by mediating nucleotide exchange, and the homologous SopE2 acts as a GEF that is specific for Cdc42. Despite their small size and lack of sequence similarity to eukaryotic proteins, SopE/E2 are legitimate GEFs that efficiently promote nucleotide exchange and are sufficient to stimulate GTPase-dependent cytoskeletal and nuclear responses (Hardt et al., 1998) . Conversely, Salmonella SptP is a Rho-family GAP that antagonizes SopE/E2-triggered signaling to restore cytoskeletal architecture following pathogen internalization (Fu and Galan, 1999) . Although structurally divergent from host GAPs, the SptP-Rac-1 crystal structure illustrates that SptP precisely contacts key residues associated with GTP hydrolysis. Yersinia YopE and Pseudomonas ExoS are also Rho GAPs that are structurally and functionally related to SptP. Thus, SopE/E2 and SptP epitomize the structural mimicry of host proteins by virulence effectors in the absence of conserved protein folds (Stebbins and Galan, 2001) (Figure 1) . Alto et al. (2006) unveil a new paradigm with the discovery of a family of proteins that directly mimic the activity of Rho GTPases. These investigators conducted a sequence analysis of enteropathogenic Escherichia coli (EPEC) Map, a poorly understood effector that associates with mitochondria and also induces cytoskeletal reorganization. This examination revealed formerly unrecognized similarities between type III effector proteins from different pathogenic bacteria. These include the recently identified IpgB involved in triggering actin-dependent internalization of Shigella, and SifA, a Salmonella effector required for biogenesis of the Salmonella containing vacuole (SCV). All of these proteins share a previously unidentified domain that encompasses a WxxxE sequence motif. When expressed in cells, Map provoked filopodia formation and nuclear responses characteristic of activated Cdc42, whereas IpgB1 and IpgB2 induced lamellipodia and stress fibers typical of activated Rac-1 and RhoA, respectively (Figure 1 ). These functions were abolished when invariant motif residues were individually mutated, implying a conserved Many bacterial pathogens use a "type III" secretion system to deliver virulence effector proteins into host mammalian cells. Rho-independent WxxxE effectors are targetted to the plasma membrane or the Salmonella containing vacuole (SCV). Diagrams at the right illustrate cellular actin rearrangements that are induced by named WxxxE-family effectors (green) or active Rho-family GTPases (blue). Specifically, the Map protein from enteropathogenic E. coli induces filopodia formation, thereby mimicking the effect of active Cdc42. Shigella flexneri IpgB1 mimics active Rac1 to induce lamellipodia formation, whereas the homologous effector IpgB2 mimics active RhoA to induce stress fiber formation. (Inset) Schematic representation of Rho GTPase signaling shows a generic prenylated GTPase associated with the plasma membrane. Activation is promoted by guanine nucleotide exchange factors (GEFs), and inactivation is accelerated by GTPase activating proteins (GAPs). Guanine nucleotide exchange inhibitors (GDI) extract GTPases from the membrane. Bacterial exotoxins (purple) and type III effectors (green) target this regulatory cycle. Clostridial A and B toxins (A/B) and lethal toxin (LT) are glycosyl transferases that modify the GTPase to impede signal protein docking, whereas the more widespread cytotoxic necrotizing factor (CNF) and dermonecrotic toxin (DNT) block nucleotide hydrolysis by deamidation or transglutamination, respectively. Clostridial C3 exoenzyme ADP-ribosylates Rho GTPases to prevent dissociation from GDI. Salmonella SopE binds and activates Cdc42 and Rac-1 by mediating nucleotide exchange, and the homologous SopE2 acts as a GEF that is specific for Cdc42. YopE and Pseudomonas ExoS are Rho GAPs that are structurally and functionally related to SptP. Yersinia YopT releases Rho GTPases from the membrane by proteolytic cleavage. molecular mechanism. The distinct phenotypes suggested that these effectors might activate specific Rho GTPases, an activity reminiscent of Salmonella SopE/E2 (Hardt et al., 1998) . However, an elegant combination of cell biology, expression profiling and a yeast genetic array revealed that effectors containing the WxxxE motif, which neither share sequence similarity with GTPases nor bind to nucleotides, indeed stimulate specific GTPase-like signaling responses but bypass endogenous cellular GTPases. Thus, in contrast to known bacterial factors that interfere with GTPase signaling, these WxxxE effectors plug directly into the apex of the signaling pathway, specifically stimulating cellular signaling by functionally replacing the Rho GTPases themselves (Figure 1) .
Additionally, Alto and colleagues (Alto et al., 2006) demonstrate that WxxxE effectors harbor functional C-terminal targeting sequences that contribute to their signaling specificity. Some, including EPEC Map, contain apical membrane targeting sequences similar to eukaryotic PDZ domain ligands such as the cystic fibrosis transmembrane regulator, whereas others including Salmonella SifA possess CAAX-membrane anchoring motifs. WxxxE-family effectors therefore contain at least two ingenious elements, a unique prokaryotic motif that governs functional mimicry of constitutively active GTPases and targeting motifs hijacked from eukaryotes that guide them to an appropriate subcellular location. Emerging structural evidence shows that type III effectors have evolved by both convergent and divergent evolution (Stebbins and Galan, 2001) . For example, Salmonella actin binding proteins are structurally distinct from their eukaryotic counterparts, whereas inositol phosphatase effectors and their cellular analogs share primary sequence similarity. Extraordinarily, the dual motifs of WxxxE family effectors reflect these different types of mimicry at an intramolecular level.
Identification of IpgB homologs that mimic Rho signaling has potentially resolved a longstanding enigma. Although Shigella and Salmonella use a similar mechanism to trigger their entry into nonphagocytic cells, the Shigella virulence plasmid surprisingly contains no effectors homologous to Salmonella SopE or SptP. The work of Alto et al. (2006) suggests that Shigella effectors directly mimic GTPases rather than encoding GEFs to trigger actin rearrangements. Correspondingly, the known Salmonella effectors that are involved in bacterial entry lack WxxxE motifs. Additionally, these new mechanistic insights present opportunities to dissect the role of Map and filopodia formation in EPEC pathogenesis.
Despite being critical for function, it seems unlikely that the invariant WxxxE residues dictate signaling specificity. Rather, more indistinct determinants probably lie within the variable flanking sequences that may influence interactions with particular downstream molecules. However, high-resolution structures of WxxxE effectors in complex with host targets will be necessary to accurately define these interfaces. This effector family now provides an exciting new means to probe the specificity of host GTPase signaling, which remains an intriguing open question in cell biology (Etienne-Manneville and Hall, 2002) . Indeed, this precedent for GTP-independent signaling now raises the possibility that cellular factors exist with analogous activity. Given that most actin rearrangements induced by pathogens are relatively short lived, and the WxxxE effectors studied so far work effectively as constitutively active Rho GTPases in cultured cells, it is conceivable that pathogens also encode as yet unrecognized "antiWxxxE" effectors to specifically suppress these activities. Alto et al. (2006) also assign the Salmonella effector SifA to the WxxxE family. In contrast to the other type III effectors in their study, SifA acts at the SCV membrane, a specialized intracellular compartment in which replicating Salmonella reside (Figure 1) . SifA is essential for SCV integrity and the formation of unusual tubular extensions termed Salmonella-induced filaments (Sifs) in infected cells, functions that are dependent upon its C-terminal -CAAX sequence. Recently, SifA was demonstrated to regulate kinesin recruitment to the SCV (Boucrot et al., 2005) . Nevertheless, it remains open whether SifA is a signaling molecule that indirectly influences SCV stability by regulating trafficking events, perhaps akin to the Legionella protein RalF that mimics Arf GEFs (Nagai et al., 2002) . Alternatively, SifA may be an SCV-associated scaffolding protein that physically supports the SCV membrane. If the prediction that SifA mimics a Rab GTPase is supported by subsequent experiments, it would raise the possibility that additional unidentified Salmonella effectors might physically stabilize the SCV and influence its intracellular positioning.
Further detailed investigation of these remarkable prokaryotic effectors and other members of the WxxxE family will undoubtedly reveal new insights into both eukaryotic signaling and microbial pathogenesis. These data also illustrate that despite recent genomic and proteomic analyses, it may be premature to predict the workings of the cellular "signalosome." Clearly, there is still much to discover about sophisticated cellular processes by eavesdropping on humble but learned bacteria.
